Introduction {#sec1}
============

Organic π-conjugated materials inspired by natural photosynthetic antenna complexes and reaction centers are being designed and investigated for applications as molecular wires,^[@ref1],[@ref2]^ in artificial energy conversion devices^[@ref3]−[@ref6]^ and as nonlinear optical materials.^[@ref7],[@ref8]^ Porphyrins, which are closely related to the chlorophyll and bacteriochlorophyll molecules found in plants and photosynthetic bacteria, have often been used as building blocks for these materials and have been designed with a wide range of different linkers and linking geometries.^[@ref9]−[@ref16]^ Electronic π-conjugation, the fundamental phenomenon required for most applications, has been investigated in porphyrin chain systems using many different techniques, including electron paramagnetic resonance (EPR).^[@ref13],[@ref14],[@ref17]−[@ref26]^

Triplet state delocalization and energy transfer have been extensively investigated by EPR in the photosynthetic reaction centers and their model systems^[@ref27]−[@ref37]^ as well as in linear arrays of π-conjugated organic molecules designed as molecular wires.^[@ref18],[@ref22],[@ref23],[@ref25],[@ref38]−[@ref40]^ Information on the extent of triplet state delocalization can be obtained from the zero-field splitting (ZFS) interaction or from the hyperfine interaction. The ZFS interaction is often approximated using a point-dipole model and can therefore be used to provide an estimate of the average interelectron distance. The hyperfine interactions provide information on delocalization, as the hyperfine couplings of the larger systems compared to the monomeric unit should be scaled by a factor corresponding to the number of units over which the triplet state is delocalized. The zero-field splitting interaction parameters can be obtained from the EPR spectrum, whereas the hyperfine couplings can most conveniently be measured using pulse EPR techniques such as ENDOR (electron nuclear double resonance) and ESEEM (electron spin echo envelope modulation).

ENDOR investigations have demonstrated triplet state delocalization over the special pair in the bacterial reaction center of *Rhodobacter sphaeroides* on the basis of a comparison of the ENDOR spectrum recorded on bacteriochlorophyll *ain vitro* with the spectrum recorded on the photosynthetic reaction center.^[@ref35]^ A decrease of the proton hyperfine couplings in the special pair of bacteriochlorophyll molecules to about half that in the bacteriochlorophyll monomer was observed.^[@ref35]^ Analogous investigations on plant reaction centers have shown no change in hyperfine couplings, and it has been concluded that in these cases the triplet state is localized on a single chlorophyll unit of the special pair.^[@ref37]^ These results led to the conclusion that triplet state delocalization is very sensitive to the relative position, in terms of both distance and relative orientation, of the single units, as has also been shown by further investigations on model systems consisting mainly of face-to-face dimers of porphyrin-type molecules.^[@ref33],[@ref36]^

In previous studies on triplet state delocalization in linear π-conjugated porphyrins proposed for applications as molecular wires, the changes in zero-field splitting as a function of oligomer chain length were interpreted in terms of the point-dipole approximation and yielded average interelectron distances that did not exceed the dimensions of a single monomeric porphyrin unit.^[@ref18],[@ref22],[@ref23],[@ref25]^ This led to the conclusion that the triplet state is localized on a single unit in most of these systems in contrast to the corresponding radical cations, which have typically shown more extensive delocalization.^[@ref26]^ Changes in the zero-field splitting parameters *D* and *E* in porphyrin dimers with different linkers have prompted the proposal of an oblate-to-prolate spin transition, with a reorientation of the ZFS tensor, from monomers to polymer chains.^[@ref25],[@ref38]^ The limitations of the point-dipole approximation for the determination of interelectron distances were discussed in a recent paper by Riplinger et al.,^[@ref41]^ where it was concluded that in systems with extensive delocalization of the two unpaired electrons, the use of this model can lead to underestimation of the interelectron distance.

In this paper, we focus on the characterization of the triplet state delocalization in a butadiyne-linked porphyrin dimer, **P2**, (see Figure [1](#fig1){ref-type="fig"}) using information from the zero-field splitting as well as both proton and nitrogen hyperfine interactions. A thorough understanding of the delocalization of the triplet state in the porphyrin dimer provides the basis for understanding delocalization in larger systems, which are currently being investigated.

Results {#sec2}
=======

Transient EPR {#sec2.1}
-------------

The transient EPR spectra of the porphyrin monomer (**P1**) and dimer (**P2**) (see Figure [1](#fig1){ref-type="fig"} for the molecular structures), recorded as an average up to 2 μs after the excitation with unpolarized light at 532 nm, are shown in Figure [2](#fig2){ref-type="fig"}. The spectra were recorded on frozen solutions in 10:1 MeTHF:pyridine at 20 K, where the triplet state has a lifetime of the order of milliseconds. The spin polarization of the EPR spectra does not change significantly as a function of time.

![Molecular structures of the porphyrin monomer (**P1**) and dimer (**P2**).](ja-2015-03249r_0001){#fig1}

![Experimental transient EPR spectra of the porphyrin monomer (top) and dimer (bottom) as average up to 2 μs after the laser pulse with unpolarized light at 532 nm. The spectra were recorded at 20 K on 0.1--0.2 mM solutions of **P1** and **P2** in 10:1 MeTHF:pyridine. Simulations performed in EasySpin^[@ref42]^ with the parameters reported in Table [1](#tbl1){ref-type="other"} are compared to the experimental data. The energy ordering of the triplet sublevels was chosen as \|*Z*\| \> \|*X*\| \> \|*Y*\| and the canonical field positions are indicated (A = absorption, E = emission).](ja-2015-03249r_0002){#fig2}

###### Zero-Field Splitting Parameters and Relative Zero-Field Sublevel Populations Used for the Simulations Shown in Figure [2](#fig2){ref-type="fig"}

           \|*D*\| \[MHz\]   \|*E* \| \[MHz\]   *p*~*X*~:*p*~*Y*~:*p~Z~*[a](#t1fn1){ref-type="table-fn"}
  -------- ----------------- ------------------ ----------------------------------------------------------
  **P1**   898 ± 5           161 ± 2            0.05:0.00:0.95
  **P2**   1125 ± 8          285 ± 2            0.94:0.00:0.06

The smallest relative sublevel population was set to zero.

The line shapes of the EPR spectra of organic triplet states are dominated by the zero-field splitting interaction (ZFS), consisting of a spin--spin interaction between the magnetic dipoles, and in some cases also a spin--orbit interaction. The spin Hamiltonian in the presence of an external magnetic field can be written aswhere the first term is the electron Zeeman interaction and the second term is the zero-field splitting interaction, which, in the frame of the ZFS tensor, can be rewritten in terms of the two ZFS parameters *D* and *E*. The spin--spin contributions to *D* and *E* are defined asThe angular brackets indicate integration over the triplet state wave function. The magnitudes of *D* and *E* can be determined from the distances between the turning points in the EPR spectrum, corresponding to the canonical orientations of the zero-field splitting tensor and denoted as *X*, *Y*, and *Z* in Figure [2](#fig2){ref-type="fig"}; the + and -- subscripts refer to the *m*~S~ = 0 → *m*~S ~= +1 and *m*~S ~= −1 → *m*~S~ = 0 transitions, respectively. The sign of *D* cannot be determined from the EPR spectrum; it is usually positive for oblate spin distributions and negative for prolate spin distributions.

![Experimental room temperature UV--vis spectra of **P1** and **P2** in MeTHF:pyridine 10:1 (left) and transient EPR spectra recorded at 20 K at different wavelengths for light polarized parallel or perpendicular to the magnetic field (averaged from 0 to 2 μs after the laser pulse). The experimental transient EPR spectra are normalized by laser power. The arrows indicate polarization enhancement or reduction on going from parallel to perpendicular excitation at the canonical field positions (labeled in the spectra).](ja-2015-03249r_0003){#fig3}

The zero-field splitting parameters and the relative sublevel populations, giving rise to the strongly spin polarized spectral shapes, were obtained by simulation, and the results are summarized in Table [1](#tbl1){ref-type="other"}.

The ZFS parameters determined for **P1** are in agreement with the results of previous studies on similar molecules.^[@ref18],[@ref43]^ The *D* value for porphyrin-like molecules is typically positive, and the *Z* axis of the ZFS tensor corresponds to the out-of-plane orientation.^[@ref44]^ This has been confirmed in our case by magnetophotoselection experiments (see [next section](#sec2.2){ref-type="other"}). The spin polarization with the highest population probability for the out-of-plane (*Z*) triplet sublevel is characteristic for zinc porphyrins and chlorophylls and has been attributed to spin--orbit coupling of the Zn ion.^[@ref45]−[@ref47]^

A comparison of the spectra and simulation parameters for **P1** and **P2** shows a significant increase in the magnitudes of *D* and *E* and a change of the predominantly populated triplet state sublevel from *Z* to *X*, as will be discussed in more detail later.

Magnetophotoselection Experiments {#sec2.2}
---------------------------------

Magnetophotoselection experiments were performed by excitation with light polarized parallel or perpendicular to the magnetic field. This leads to an enhancement or an attenuation of the EPR lines corresponding to specific orientations of the molecules in the external field, which can be used to assign the relative orientation of the ZFS tensor axes with respect to the optical transition moment, if one of the two is known.^[@ref48],[@ref49]^

The visible absorption spectrum of **P1** is characteristic for porphyrins, with Soret or B-bands around 450 nm and two so-called Q-bands at about 600 and 645 nm.^[@ref50]^ There are two perpendicular optical transition moments, Q~*x*~ and Q~*y*~, polarized in the molecular plane, which correspond to the two longest wavelength absorption bands. The EPR results discussed later demonstrate that the lowest energy of these two Q-bands is polarized along the axis of the alkyne units (Q~*x*~), which contrasts with the assignment previously deduced by comparison with other related porphyrins lacking the *meso*-aryl substituents.^[@ref50]−[@ref52]^ The EPR spectra recorded after excitation of **P1** with polarized light at 600 nm (Q~*y*~) and 645 nm (Q~*x*~) are shown in Figure [3](#fig3){ref-type="fig"}. The spectra recorded with light polarized parallel to the magnetic field show enhanced *Y* triplet transitions at 600 nm and enhanced *X* triplet transitions at 645 nm. The polarization ratios were calculated as^[@ref48],[@ref49]^where *I*~*i*~^∥/⊥^ are the intensities of the derivative EPR signal for excitation with light polarized parallel or perpendicular to the magnetic field at the field positions corresponding to the *X*, *Y*, or *Z* orientation of the ZFS tensor. The results are summarized in Table [2](#tbl2){ref-type="other"}. If the optical transition moment is approximately collinear (0--35°) with one of the ZFS tensor axes, the corresponding polarization ratio is expected to be positive, while the polarization ratios for the other two principal orientations are negative.^[@ref48],[@ref49]^ It thus follows that for **P1** the triplet *X* axis is approximately collinear with the optical transition moment Q~*x*~ and the triplet axis *Y* with Q~*y*~. No optical transition moment is associated with the triplet *Z* axis, confirming the assignment of this axis to the out-of-plane direction and the assumption of a positive *D* value for **P1**.

###### Polarization Ratios *P*~i~ for the Triplet Transitions *X*, *Y*, and *Z* of **P1** and **P2** at Different Excitation Wavelengths

           *λ*             *P*~*X*~        *P*~*Y*~        *P*~*Z*~
  -------- --------------- --------------- --------------- ---------------
  **P1**   600 nm          --0.06 ± 0.05   0.43 ± 0.06     --0.36 ± 0.02
  645 nm   0.38 ± 0.05     --0.41 ± 0.06   --0.30 ± 0.03   
  **P2**   590 nm          --0.03 ± 0.03   0.19 ± 0.03     0.08 ± 0.03
  750 nm   --0.30 ± 0.06   --0.40 ± 0.06   0.20 ± 0.18     

![Experimental Mims ENDOR spectra of the porphyrin monomer (**P1**, A) and dimer (**P2**, B) recorded at the canonical field positions at 20 K. The signs of the hyperfine coupling constants of the *m*~S~ = 0 → *m*~S~ = +1 (red) and the *m*~S~ = −1 → *m*~S~ = 0 (blue) transitions are shown above the corresponding ENDOR peaks. The asterisks denote ENDOR peaks arising from residual contributions of other orientations (e.g., *Z*^--^ contribution to *X*^+^).](ja-2015-03249r_0004){#fig4}

The absorption bands in the visible spectrum of **P2** are red-shifted with respect to **P1**, and the Q-band region consists of a superposition of bands corresponding to different conformations of the porphyrin dimer.^[@ref53]^ The optical transition moment for absorption in the Q-band region is now aligned with the long axis of the molecule.^[@ref50],[@ref53]^ The EPR spectra show enhancement of the *Z* transitions after excitation with light polarized parallel to the magnetic field in the whole region from about 600 to 760 nm, and the polarization ratios confirm that the triplet *Z* axis is approximately collinear with the optical transition moment, corresponding to the direction of the vector connecting the two porphyrin units. The observation of increased intensity of the *Y* transitions after excitation with light at 590 nm polarized parallel to the magnetic field identifies the *Y* axis as the second in-plane axis of the ZFS tensor with an orientation in the molecular frame analogous to that of the *Y* axis in the porphyrin monomer.

The results of the magnetophotoselection experiments suggest a reorientation of the ZFS tensor from **P1** to **P2** with a shift of the *Z* axis, the axis of maximum dipolar coupling, from the out-of-plane axis in **P1** to the long axis in **P2**.

^1^H ENDOR {#sec2.3}
----------

The ^1^H Mims ENDOR spectra recorded for **P1** and **P2** at the six canonical field positions are shown in Figure [4](#fig4){ref-type="fig"}A and B.

Triplet state ENDOR is characterized by strong orientation selection, and the components of the hyperfine couplings along the ZFS tensor axes can often be determined from ENDOR spectra recorded at the corresponding field positions. Transition selection, that is, selective excitation of the *m*~S~ = −1 → *m*~S~ = 0 and the *m*~S~ = 0 → *m*~S~ = +1 transitions for each of the orientations, leads to asymmetric ENDOR spectra and provides the further advantage of being able to determine the sign of the hyperfine couplings relative to the sign of the *D* value.^[@ref31],[@ref54]^

### ^1^H ENDOR of P1 {#sec2.4}

Because the *D* value for **P1** is known to be positive from magnetophotoselection, the signs of the proton hyperfine couplings can be assigned as indicated above the corresponding peaks in Figure [4](#fig4){ref-type="fig"}A. The values of the hyperfine couplings along the different axes of the ZFS tensor were determined through Gaussian deconvolution, and the results are shown in the frequency-field plot in Figure [5](#fig5){ref-type="fig"}B.

A comparison with the results of a density functional theory (DFT) calculation at B3LYP/EPRII level on the excited triplet state of **P1** allowed assignment of the hyperfine couplings to specific protons and determination of the orientation of the ZFS tensor in the molecular frame. DFT calculations predict a large negative hyperfine coupling in the out-of-plane direction and in the in-plane direction aligned with the phenyl substituents and a smaller coupling in the direction perpendicular to it for the *β*proton close to the alkyne bonds (H~1~ in Figure [5](#fig5){ref-type="fig"}A). This is in agreement with a negative hyperfine coupling of about 3 MHz observed experimentally at the field positions corresponding to the *Y* and *Z* orientations, while only smaller couplings are observed for the *X* orientation. Further comparison of the experimental and calculated results allows assignment of the positive hyperfine couplings to the second type of *β* proton of the porphyrin ring (H~2~ in Figure [5](#fig5){ref-type="fig"}A). The small hyperfine couplings close to the strong Larmor peak are not sufficiently well resolved for an assignment to the different types of phenyl protons. In general, the trends in the changes of proton hyperfine couplings predicted by DFT are in excellent agreement with those determined experimentally, as can be seen in the frequency-field plots of Figure [5](#fig5){ref-type="fig"}B and C. A comparison confirms the assignment of the *Z* axis as the out-of-plane axis and allows assignment of the *Y* axis as the in-plane axis directed along the phenyl rings (see Figure [5](#fig5){ref-type="fig"}A) and of the *X* axis as the second in-plane axis, directed along the alkyne bonds.

![Comparison of frequency-field plots determined by Gaussian deconvolution of the Mims ENDOR spectra shown in Figure [4](#fig4){ref-type="fig"} with those predicted by B3LYP/EPRII calculations for **P1** (A--C) and for **P2** (D--F). The hyperfine couplings determined from the positions of the peaks in the ENDOR spectra are plotted as circles in B and E for **P1** and **P2**, respectively. The hyperfine couplings were tentatively assigned to different protons in the molecule (numbered and color coded as indicated in A and D) on the basis of the comparison with predictions from DFT calculations (shown in C and F for **P1** and **P2**, respectively). The orientation of the ZFS tensor with respect to the molecular structure of **P1** and **P2** is shown next to the molecular structure in A and D, respectively. The solid lines connect hyperfine couplings assigned to the same type of proton. In some cases, not all of the hyperfine peaks expected on the basis of symmetry could be clearly determined by deconvolution of the experimental data, and the known hyperfine couplings are connected to the positions of the expected hyperfine couplings by dashed lines. No definite assignment of the *ortho* and *para* protons on the phenyl rings was possible on the basis of the experimental data, and the corresponding experimental hyperfine couplings are simply denoted as H~phenyl~.](ja-2015-03249r_0005){#fig5}

While DFT predicts a single hyperfine coupling for each of the two types of protons on the porphyrin ring (H~1~ and H~2~, respectively), experimentally the peaks are found to be split into two, as can be seen most clearly for H~1~ in the ENDOR spectra corresponding to the *Z* transitions. A similar behavior has been observed previously in free-base porphyrin, where it has been attributed to specific solvent--solute interactions which render these protons inequivalent.^[@ref55]^

### ^1^H ENDOR of P2 {#sec2.5}

Analogous ENDOR measurements were performed for **P2** and are shown in Figure [4](#fig4){ref-type="fig"}B. Comparison of the two sets of ENDOR spectra leads to the following observations:•The largest hyperfine coupling for **P2** is reduced by a factor of 2 with respect to **P1** (from about 3 MHz in **P1** to about 1.5 MHz in **P2**).•The peaks corresponding to the largest hyperfine coupling are observed for the *X* and *Y* transitions in **P2**, while they correspond to the *Z* and *Y* transitions in **P1**.•The peaks observed at comparable field positions (e.g., the high field *Y* transition) are on opposite sides of the Larmor frequency.

The reduction of the hyperfine couplings by a factor of about 2 from **P1** to **P2** reveals that the triplet state is delocalized over both porphyrin units in **P2**. This finding is in contrast to previously published results on related porphyrin systems which were interpreted using the point-dipole approximation in the analysis of the continuous wave EPR data alone. Furthermore, upon comparative inspection of Figure [4](#fig4){ref-type="fig"}A and B, a shift of the peaks corresponding to the largest proton couplings from *Z* and *Y* to *X* and *Y* is observed. This finding is in agreement with a reorientation of the ZFS tensor in **P2**, as already predicted on the basis of the results of the magnetophotoselection experiments. The ENDOR data allow the assignment of the *X* triplet axis as the new out-of-plane axis, while *Z* becomes the axis aligned with the central butadiyne link in **P2** (see Figure [5](#fig5){ref-type="fig"}D).

The change in the position of the ENDOR peaks with respect to the Larmor frequency demonstrates that the reorientation of the ZFS tensor occurs with a change of the sign of the *D* value, which must thus be negative for **P2**.

![X-band HYSCORE spectra recorded at 20 K at the *X*^--^, *Y*^--^, and *Z*^--^ field positions for **P1** (top) and **P2** (bottom). The *Z*^--^ spectrum for **P1** was recorded using ^14^N matched HYSCORE. The experimental details are described in the [Supporting Information](#notes-1){ref-type="notes"}.](ja-2015-03249r_0006){#fig6}

###### ^14^N Hyperfine and Nuclear Quadrupole Interaction Parameters for **P1** and **P2**[a](#t3f1){ref-type="table-fn"}

                         *A*~*x*~ \[MHz\]   *A*~*y*~ \[MHz\]   *A*~*z*~ \[MHz\]   *α*   *β*    *γ*           *Q* \[MHz\]   *η*           *α*   *β*   *γ*
  ---------- ----------- ------------------ ------------------ ------------------ ----- ------ ------------- ------------- ------------- ----- ----- ------
  **P1**     *N*         1.8 ± 0.3          2.1 ± 0.3          6.8 ± 2.8          19°   9°     --145°        2.30 ± 0.01   0.79 ± 0.18   81°   91°   135°
  **P2**     *N*~ext~    0.8 ± 0.2          1.1 ± 0.2          3.5 ± 1.4          33°   91°    180°          2.25 ± 0.01   0.75 ± 0.20   93°   45°   90°
  *N*~int~   0.5 ± 0.2   0.6 ± 0.2          1.9 ± 1.4          30°                92°   180°   2.35 ± 0.01   0.80 ± 0.20   93°           45°   90°   

The hyperfine and nuclear quadrupole couplings were determined by fitting of the experimental data as described in the [Supporting Information](#notes-1){ref-type="notes"}. The tensor orientations used in the simulations are derived from DFT calculations on the triplet states of **P1** and **P2** in the absence of pyridine. The standard deviations indicate the distribution of values used in the simulations; there is an additional error on the center of the distribution of about 0.3 MHz for *A*~*x*~ and *A*~*y*~, of 0.1 MHz for *A*~*z*~, of 0.05 MHz for *Q*, and of 0.1 on *η*.

Comparison of the hyperfine couplings along the ZFS axes determined by Gaussian deconvolution of the experimental spectra (Figure [5](#fig5){ref-type="fig"}E) with the results of DFT calculations (Figure [5](#fig5){ref-type="fig"}F) again shows a good agreement in the relative changes of hyperfine couplings as a function of field. The widths of the ENDOR peaks suggest the presence of multiple similar hyperfine couplings, which points to a reduction of symmetry for the molecules in solution.

^14^N HYSCORE and ^14^N ENDOR {#sec2.6}
-----------------------------

The ^14^N hyperfine couplings were investigated by X- and Q-band three-pulse ESEEM and HYSCORE and Q-band ENDOR. In this case, the analysis was complicated by the additional presence of the nuclear quadrupole interaction for this *I* = 1 nucleus. The X-band HYSCORE spectra recorded for **P1** and **P2** are shown in Figure [6](#fig6){ref-type="fig"}, and the Q-band ENDOR spectra are shown in Figure [7](#fig7){ref-type="fig"}. The three-pulse ESEEM spectra are shown in the [Supporting Information](#notes-1){ref-type="notes"} along with the corresponding simulations.

The characteristics of HYSCORE spectra of triplet states in general and specifically of **P1** are discussed in detail in ref. ([@ref56]). The information on the nitrogen hyperfine couplings can be most easily obtained from the positions of the double quantum (dq) cross peaks in the HYSCORE spectrum, since they do not depend on the nuclear quadrupole interaction to first order.^[@ref57]^ The hyperfine coupling can be estimated to approximately half the distance between the dq cross peaks. The dq cross peaks are usually easily identified as they are the strongest cross peaks present in the spectrum for disordered samples.^[@ref58]^ In the HYSCORE spectra corresponding to the two in-plane orientations of **P1**, *X* and *Y*, the dq peaks occur at about (3,6) MHz for both (corresponding to a hyperfine coupling of approximately 1.5 MHz). On the other hand, in the spectrum corresponding to the out-of-plane orientation *Z*, the dq peaks only become clearly visible using ^14^N matched HYSCORE and consist of broad ridges centered at about (3, 15) MHz (yielding an estimate of about 6 MHz for the out-of-plane hyperfine coupling). This indicates an approximately axial hyperfine interaction tensor with a large hyperfine coupling in the out-of-plane orientation, as also previously observed for a free base porphyrin.^[@ref59]^ The broad ridges in the HYSCORE spectrum of the *Z* orientation are unexpected for a triplet state, where single-crystal-like spectra are usually anticipated because of orientation selection, which is particularly strong for the *Z* orientation. However, the result is confirmed by Q-band ENDOR (see Figure [7](#fig7){ref-type="fig"}, top graph), where the single-quantum (sq) transitions of the *m*~S~ = 0 manifold give rise to two sharp lines, with a splitting due to the nuclear quadrupole interaction, while the single-quantum transitions of the *m*~S~ = −1 manifold give rise to a considerably broadened peak centered at about 11 MHz. A similar broadening of HYSCORE cross peaks was also reported for the out-of-plane nitrogen hyperfine couplings of a cobalt corrin and was attributed to a distribution of hyperfine couplings.^[@ref60],[@ref61]^

![Q-band Davies ENDOR spectrum for **P1** and Mims ENDOR spectrum for **P2** recorded at the *Z*^--^ (1233.2 mT) and *X*^--^ (1235.0 mT) field positions, respectively. The Mims ENDOR spectrum was obtained as the sum of spectra recorded for four different *τ* values; nevertheless, the presence of blind spots leads to a reduced intensity of the transitions in the *m*~S~ = 0 manifold centered at about 4 MHz. The B3LYP/EPRII spin density distributions for **P1** and **P2** are shown on the right.](ja-2015-03249r_0007){#fig7}

The origin of this distribution of out-of-plane hyperfine couplings is attributed to the influence of pyridine, coordinated to the Zn ion of the porphyrin, on the geometry of the porphyrin plane. A potential energy surface scan performed by DFT for different Zn--pyridine distances shows increasing saddlelike distortions of the porphyrin plane of **P1** as the pyridine molecule approaches the zinc ion (see Figure [8](#fig8){ref-type="fig"}). The average Zn--pyridine distance from crystal structures of zinc porphyrins is 2.16 Å,^[@ref15]^ in close agreement with the 2.17 Å determined from the DFT calculations. The out-of-plane component of the nitrogen hyperfine interaction was calculated for each of the structures and was found to vary between about 6 and 8 MHz (see Figure [8](#fig8){ref-type="fig"}), leading to a distribution in close agreement with experimental observations.

The results of X-band HYSCORE measurements at the *X*^--^, *Y*^--^, and *Z*^--^ field positions for **P2** are shown on the bottom in Figure [6](#fig6){ref-type="fig"}, and the Q-band ENDOR spectrum for the out-of-plane orientation is shown in Figure [7](#fig7){ref-type="fig"} (bottom graph). The comparison with the results for **P1** yields similar observations as reported previously for the proton ENDOR spectra.

The largest nitrogen hyperfine couplings, assigned to the out-of-plane orientation, again shift from the *Z* orientation in **P1** to the *X* orientation in **P2**. The sign of the out-of-plane nitrogen hyperfine couplings is positive, as the dq features are observed for the *m*~S ~= −1 → *m*~S~ = 0 transitions,^[@ref56]^ and the experimental HYSCORE data therefore confirm the sign change of *D*. The magnitude of the nitrogen hyperfine couplings is reduced by a factor of about 2 from **P1** to **P2**, as can be seen for the two in-plane orientations (*X* and *Y* for **P1**, *Z* and *Y* for **P2**) as the dq peaks shift to lower frequencies and closer to the diagonal.

![DFT geometries and nitrogen hyperfine tensors calculated for different Zn--pyridine distances in **P1** (top) and principal values of the hyperfine coupling tensor as a function of the distance between the Zn ion and the nitrogen of the coordinated pyridine molecule obtained from B3LYP/EPRII calculations (bottom). The dashed line indicates the mean Zn--pyridine distance determined on the basis of the known crystal structures.^[@ref15]^ At short Zn--pyridine distances, the ^14^N nuclei are inequivalent in pairs, leading to two values for the hyperfine couplings in each direction. The arrows indicate changes in geometry and hyperfine tensors for increasing distances between the Zn ion and the pyridine.](ja-2015-03249r_0008){#fig8}

In addition to a reduction in nitrogen hyperfine couplings from **P1** to **P2**, a splitting of the dq features in the HYSCORE spectrum and of the broad sq peak in the Q-band ENDOR spectrum into two is observed for the out-of-plane orientation (*Z* in **P1** and *X* in **P2**). The splitting is indicative of a different spin density distribution around the external and internal nitrogen nuclei in **P2** (*N*~ext~ and *N*~int~ in Table [3](#tbl3){ref-type="other"} and Figure [7](#fig7){ref-type="fig"}). This is found to be in agreement with DFT calculations, which predict smaller couplings for the internal nitrogen nuclei and larger couplings for the external nitrogen nuclei; the latter are more similar in terms of hyperfine anisotropy and nuclear quadrupole interaction to those of **P1**.

Analysis of the experimental data was complicated by the potential presence of a contribution from the pyridine nitrogen. HYSCORE measurements performed on **P1** in MeTHF without pyridine show a significant decrease in intensity of the dq cross peaks in the HYSCORE spectra corresponding to the *X* and *Y* orientation. However, no changes were observed for the spectrum corresponding to the *Z* orientation (see [Supporting Information](#notes-1){ref-type="notes"}). The conclusion of delocalization in the porphyrin dimer can be drawn independently from the assignment of the dq peaks in the spectra corresponding to the *X*^--^ and *Y*^--^ transitions to the porphyrin or pyridine nitrogen nuclei, as the same decrease in hyperfine couplings is expected for both in case of delocalization of the triplet state over the two porphyrin units in **P2**.

Simultaneous fitting of the experimental ESEEM, HYSCORE, and ENDOR data was performed for two cases, that is, assuming that the dq cross peaks in the HYSCORE spectra are determined by both the porphyrin and the pyridine nitrogen and assuming that the dq cross peaks are solely determined by the pyridine hyperfine couplings. The orientations of the hyperfine and nuclear quadrupole tensors were kept fixed at the values obtained from DFT calculations, which are in agreement with previous findings on similar porphyrin systems.^[@ref59]^ In both cases, a satisfactory fit of the experimental data can be obtained, and the differences in fitting parameters are limited to the *A*~*x*~ and *A*~*y*~ values. The simulations are shown in the [Supporting Information](#notes-1){ref-type="notes"}, and the fitting parameters for the porphyrin nitrogen nuclei are summarized in Table [3](#tbl3){ref-type="other"} (assuming contribution of porphyrin and pyridine nuclei to the dq cross peaks, full set of fitting parameters in the [Supporting Information](#notes-1){ref-type="notes"}).

Discussion {#sec3}
==========

In this study, we used a series of different EPR techniques to characterize the triplet state of a porphyrin monomer (**P1**) and of the corresponding porphyrin dimer (**P2**), with a butadiyne link at the *meso* positions. The experimental results provide evidence for complete delocalization of the triplet state in the porphyrin dimer, accompanied by a reorientation of the ZFS tensor and a sign change of the zero-field splitting parameter *D*.

The proton and nitrogen hyperfine couplings determined from the ENDOR and HYSCORE data were both reduced by a factor of 2 from **P1** to **P2**, unequivocally demonstrating delocalization of the triplet state over both porphyrin units in the porphyrin dimer. While a distinction of a hopping mechanism on the EPR time scale (10^7^−10^9^ s^--1^) from coherent delocalization is not possible on the basis of the EPR data, the fact that the relaxation behavior does not change significantly from **P1** to **P2** (data not shown) renders coherent delocalization plausible. The fixed coplanar orientation of the two porphyrin units in **P2** in frozen solution, as evidenced by temperature-dependent changes in the UV--vis absorption spectrum (see [Supporting Information](#notes-1){ref-type="notes"}), prevents assignment of the delocalization mechanism by study of the ZFS parameters and spin polarization.^[@ref33]^

The orientational selectivity of the ENDOR and HYSCORE experiments for triplet states, with the aid of the results from DFT calculations, allowed the determination of the ZFS tensor orientation with respect to the molecular frame for both **P1** and **P2**. In the case of the porphyrin monomer, the *Z* axis corresponds to the out-of-plane axis and the *X* and *Y* axes are located in the porphyrin plane, along the alkyne bonds and the phenyl groups, respectively (see Figure [5](#fig5){ref-type="fig"}A and D). In the porphyrin dimer, the triplet *X* and *Z* axes were found to be interchanged, making the long axis of the molecule the new *Z* orientation. This change of the axis of maximum dipolar coupling from the out-of-plane orientation to the vector connecting the two porphyrin units is confirmed by magnetophotoselection experiments, which show that for **P2** the triplet Z axis is aligned with the optical transition moment directed along the long axis of the molecule (Q~*x*~). This reorientation of the ZFS tensor, accompanied by a sign change of *D*, corresponds to the transition from an oblate to a prolate spin distribution.^[@ref37]^ This transition has been proposed before for similar systems on the basis of changes of the *E*/*D* ratio,^[@ref25],[@ref40]^ but the results shown here provide the first conclusive experimental proof for its occurrence.

The reorientation of the ZFS tensor also explains the changes in spin polarization of the transient EPR spectrum from **P1** to **P2**. The mechanism driving the intersystem crossing in zinc porphyrins is determined by the spin--orbit coupling of the zinc ion and leads to preferential population of the out-of-plane triplet sublevel.^[@ref45]−[@ref47]^ The out-of-plane sublevel corresponds to the *Z* transition in **P1** but to the *X* transition in **P2**, and hence, the spin polarization exhibited by the transient EPR spectrum changes accordingly.

The increase of the ZFS *D* value from **P1** to **P2** is also qualitatively explained by the transition from an oblate to a prolate spin distribution. In a simplified description of ZFS in terms of the point-dipole approximation, the *D* value for a prolate spin distribution with the same average interelectron distance as an oblate spin distribution becomes negative and increases by a factor of 2 in magnitude.^[@ref18],[@ref22],[@ref23],[@ref25]^ Calculation of the average interelectron distance from the experimental *D* values of **P1** and **P2** in the framework of the point-dipole approximation yields estimates of about 3.5 and 4.1 Å for **P1** and **P2**, respectively (the *meso*-to-*meso* distance of the porphyrin amounts to about 6.9 Å). As in previously published work,^[@ref18],[@ref22],[@ref23],[@ref25],[@ref40]^ this could lead to the conclusion that the triplet state is localized on a single porphyrin unit in both **P1** and **P2.** This interpretation is, however, proven to be incorrect for the porphyrin systems studied here by the hyperfine interaction data and the spin polarization of the transient EPR spectrum of **P2** which prove delocalization over both units in **P2**. Therefore, the point-dipole approximation is not applicable to the determination of the extent of triplet state delocalization in these systems, where the spin density is delocalized extensively over the monomeric units and the unsaturated linker. In a study on nitroxide diradicals by Riplinger et al.,^[@ref41]^ distributed point-dipole approximations or quantum mechanical calculations were suggested as better methods for the interpretation of ZFS parameters in these cases.

The calculation of ZFS parameters for the triplet states of aromatic molecules with a distributed point−dipole approximation as proposed by Visser and Groenen^[@ref62]^ is based on the assumption that the triplet wave function can be described as a linear combination of the atomic *p* orbitals, modeled by two half-point spins separated by 61 pm from the nucleus. The ZFS *D* value can then be calculated as a sum of two-center terms with weights given by the coefficients of the molecular orbitals occupied by the two unpaired triplet spins. This method has been refined further and has been modified to include spin polarization effects for the study of fullerene triplet states by van Gastel.^[@ref63],[@ref64]^ The *D* values calculated using this method for **P1** and **P2** with the Mulliken spin populations obtained by DFT for the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the corresponding ground states correctly reproduce the change in sign and the increase in magnitude from **P1** to **P2** (3140 MHz for **P1** and −7160 MHz for **P2**), but the predicted values deviate considerably from the experimental results.

The ZFS interaction parameters of **P1** and **P2** were also calculated by DFT as described in the [Supporting Information](#notes-1){ref-type="notes"}. On the basis of the results of time-dependent DFT calculations performed for **P1**, which assigned the first excited triplet state mainly to the HOMO → LUMO transition, the ZFS interaction was calculated for this electron configuration. The *D* and *E* values calculated for **P1** at the B3LYP/EPRII level are 492 MHz and −120 MHz. For **P2**, they are equal to −609 and 72 MHz. DFT correctly predicts the change in sign and orientation of the ZFS tensor, and the calculated *E*/*D* ratio is relatively close to the experimental one. The absolute values, however, differ quite significantly, by almost a factor of 2. The reasonable agreement of the calculated and experimental hyperfine couplings provides a validation of the DFT wave function; therefore, the observed disagreement seems to be related to the calculation of the ZFS interaction. A similar discrepancy between experimental and calculated *D* values was observed for a series of polyacenes^[@ref65],[@ref66]^ and was attributed to the limitation of DFT to predict ZFS interaction parameters for large aromatic systems accurately. Better agreement was in that case obtained using CASSCF calculations because of the inclusion of static π-electron correlation. Given the multiconfigurational nature of porphyrins, a description at the CASSCF level would certainly be more accurate, but currently the computational cost for performing this type of calculation for the systems investigated here is significant and seems unwarranted given that DFT still correctly predicts the relative changes in ZFS parameters: experimentally, an increase of the magnitude of *D* by 26% from **P1** to **P2** is observed and DFT predicts an increase of 24%. DFT calculations thus show an excellent agreement with the trends observed experimentally and would, in our case, be the best suited among the methods described in this paper for the interpretation of ZFS parameters in terms of triplet state delocalization.

Conclusions {#sec4}
===========

Triplet state delocalization in a linear butadiyne-linked porphyrin dimer was investigated using transient EPR to characterize the ZFS interaction and ENDOR and HYSCORE to study the proton and nitrogen hyperfine couplings. A reduction by a factor of 2 of both proton and nitrogen hyperfine couplings was observed and interpreted in terms of complete delocalization of the photoexcited triplet state over both porphyrin units in the dimer. Orientation-selective ENDOR and HYSCORE as well as magnetophotoselection experiments provided evidence for a reorientation of the ZFS tensor characteristic of a transition from an oblate to a prolate spin distribution in the porphyrin dimer.

Previous investigations on triplet state delocalization in multiporphyrin arrays were based on the analysis of the zero-field splitting parameter *D* in terms of the point-dipole approximation and arrived at the conclusion of localization of the triplet state on a single porphyrin unit.^[@ref18],[@ref22],[@ref23],[@ref40]^ Our results suggest delocalization over both porphyrin units in a butadiyne-linked porphyrin dimer. Analysis of the hyperfine couplings was required to conclusively prove triplet state delocalization; determination of the extent of delocalization from the ZFS *D* value alone using the popular point-dipole approximation would have led to an underestimation of the true delocalization length. DFT was shown to provide a more useful tool for the interpretation of trends in the change of ZFS parameters with regard to triplet state delocalization. Nevertheless, measurement of the hyperfine couplings provides the most accurate information on the extent of delocalization.

The results of this analysis provide the necessary foundation for understanding triplet state delocalization in longer polymer chains, which are currently being investigated in our lab.

Experimental details, DFT spin density distributions and tensor orientations, and ^14^N ESEEM and HYSCORE simulations of the experimental data. The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.5b03249](http://pubs.acs.org/doi/abs/10.1021/jacs.5b03249).
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